ABSTRACT In order to solve problems associated with inductance parameter changes on traditional maximum torque per ampere (MTPA) control method for interior permanent magnet synchronous motor, such as large amount of computation, complicated control system, and low control precision, an MTPA control method based on inductance segmentation is proposed. Considering the effects of magnetic saturation, the inductance parameters are processed by segmentation analysis. The Newton iteration method is used to solve the correspondence between the electromagnetic torque and the optimum d-q axis current components, and the subsection curve is fitted to achieve MTPA control. By analyzing and processing inductance parameters, this control method improves the accuracy of control system. The d-q axis current reference is realized by piecewise curve fitting to improve the dynamic performance of the system. Finally, the dynamic performance of this method is compared with that of the traditional method through simulation and experiment. The simulations and experiments results show that this method has the advantages of fast dynamic response, high control accuracy, and simple implementation.
I. INTRODUCTION
Interior Permanent Magnet Synchronous Motor (IPMSM) is preferentially used in a variety of industrial applications over the past couple of years due to their high power, torque density and high efficiency [1] , [2] . In traditional control strategy of induction vector control system, the air-gap field and torque-current ratio are not optimal. In order to achieve the high control performance and increase system efficiency, the Maximum Torque Per Ampere (MTPA) control strategy is often used, to make full use of the reluctance torque of the motor [3] - [5] .
The traditional MTPA control strategies usually draw a table of the relationship between torque and stator current by off-line calculation. The values of current are given according to different torques in form of on-line look-up table to achieve MTPA control [6] , [7] . In the article [8] , the curve fitting method is proposed to solve the matter of using large memories by curve fitting instead of looking up table, and it has good engineering applicability. The literature [9] adopts the Newton's method into MTPA control, which can reduce the calculation cost of control system. However, the above methods are proposed based on constant parameters which would be changed during the operation of motor actually. The motor's parameters are affected by various factors during actual operation [10] , such as the phase resistance and permanent magnet performance are mainly affected by temperature changes [11] , [12] . The d-q axis inductances are not only affected by magnetic saturation, but also by cross-coupling [13] . The value of q-axis inductances L q is significantly reduced as the q-axis current i q increases, because of the narrow air gap [13] - [16] . Significant changes in the q-axis inductance L q during motor operation reduce the effectiveness and accuracy of the MTPA control [17] , [18] .
In order to solve the problem of variable parameters, The literature [19] proposes a method based on rotating high-frequency voltage injection to identify the d-q axis inductance to realize the MTPA control of the inductance parameter changes under the magnetic saturation effect. In article [20] , the reduced-order observer is used to observe the rotor flux linkage, and the linear search is used to find the optimal flux linkage target value to realize MTPA control. In addition, many scholars have proposed a large numbers of online parameter identification methods, such as model adaptation [21] , neural network algorithm [22] and so on. However, the above parameter identification methods cost more resources and increase the complexity of the system, which limit the applicability in practical engineering.
In view of the above problems, this paper focuses on analyzing the variation law of d-q axis inductances under the influence of magnetic saturation and proposes a MTPA control method for IPMSM. This method achieves MTPA control by analyzing the relationship between d-q axis inductance and d-q axis current and using the Newton's method to obtain the corresponding relationship between electromagnetic torque and d-q currents components. The method takes the variation of the d-q axis inductance parameters affected by the magnetic saturation during the operation of motor in consideration, reduces the dependence of the control system on the inductance parameters, and improves the accuracy of the control system. The Newton's method algorithm is used to fit curve, which reduces the calculation amount during the operation of motor and improves the dynamic performance of the system.
II. MTPA CONTROL STRATEGY PRINCIPLE
The mathematical model of an IPMSM in synchronously rotating d-q frame can be expressed as 
where p represents the number of pole pairs of the motor, I s is the magnitude of current vector. As shown in (2), the torque of the IPMSM consists of the permanent magnet torque and the reluctance torque. Permanent magnet torque is proportional to the q-axis current and the reluctance torque is proportional to the multiplication of d-axis current and the q-axis current.
As can be seen in Fig. 1 , there are several combinations of d-q axis currents capable of satisfying a specific torque demand T e , but the MTPA operation points are the points on the constant torque curves which have the minimum stator current magnitude, as the following constrained optimization problem shows
The MTPA locus is vertical to the constant torque curve and the optimal current i d and i q can be derived by
Combining (2) and (4), the relationship between the d-axis current and q-axis current for MTPA operation in the constant torque region can be expressed in (5) if the voltage drop in phase resistance is neglected
In case of the operation of motor, the flux linkages change as nonlinear function with the stator current. Hence, the L d and L q are not constant. The variation of these two parameters has to be involved in the calculation of the MTPA.
III. MTPA CONTROL BASED ON INDUCTANCE SEGMENTATION
In the running state of motor on MTPA control, the traditional MTPA control methods fail to solve problems that the motor parameters variation correspondingly with the change of the working condition, which affects the performance and control precision of the MTPA control strategy. The inductance parameters change significantly when motor running in magnetic saturation state, especially.
Therefore, it is necessary to explore a method to improve the control performance of MTPA strategy by analyze the variation of inductance parameters. VOLUME 6, 2018
A. INDUCTANCE ANALYSIS
The mathematical model of an IPMSM in α − β frame can be expressed as:
The parameter identification method based on high frequency signal injection method proposed by the literature [19] is used to perform d-q axis inductance identification. Assume that the amplitude of the high frequency injection voltage is V i and the angular frequency is ω i , the high frequency voltage can be expressed as
where u αi and u βi are the components of high-frequency injection voltage for the α and β axis. Because the frequency of high frequency injection voltage is much higher than the fundamental frequency and the amplitude of the injection voltage is very small, the d-q axis cross-coupling inductance value is much smaller than the d-q axis inductance. So, the cross-coupled inductance is ignored, the flux linkages in α − β reference frame can be expressed as
where ψ α and ψ β are the α−β axis flux linkage of permanent magnet. Where L and L can be obtained by
where (10) where I pi and I mi are the amplitude of the positive and negative sequence components of the high frequency current.
Realized by the third-order Runge-Kutta method with high computational accuracy, the flux linkages can be expressed as As can be seen in Fig. 2 , the d-q axis inductance can be obtained by
According to (10) , (11) and (12), the d-q axis inductance identification parameters are estimated based on the parameters of experimental motor listed in the Table 1 , and draw a figure shown in the Fig. 3 . Fig. 3 shows that the relationship between q-axis inductance and q-axis current, the relationship between d-axis inductance and d-axis current magnitude (i d is negative when motor is running at the MTPA operation points, so pick the magnitude of i d as the abscissa). For IPMSM, since the equivalent air gap corresponding to the q-axis is small, the magnetic field is easier to be saturated. As a result, the q-axis inductance L q changes significantly, and d-axis inductance L d can be considered as a constant in the motor working state [16] , [23] . Therefore, the q-axis inductance can be analyzed by segmented method.
B. INDUCTANCE SEGMENTATION CONTROL
According to (2), we can build an auxiliary function as
where λ is Lagrange multiplier. Calculate derivative of function F with respect to i d , i q and λ, the outcome is made equal to zero
Then the functions about the relationship between torque load T e and d-q axis current i d , i q can be obtained as
The Jacques matrix J i d i q can be obtained through (15)
Then the d-q axis current can be obtained by NewtonRaphson method.
where i * (k+1) and i * (k) are satisfied with
As shown in Fig. 3 , considering i q = 2.0A as the magnetic saturation point of the q-axis inductance. when i q < 2.0 A, the value of q-axis inductance can be considered as a constant equal to 12.865mH and the value of d-axis inductance equals to 8.78mH. As a result, the relationship between torque and d-q axis current can be obtained as
e + 0.001T 3 e − 0.24T 2 e + 0.00041T e i q = 0.00023T 4 e − 0.023T 3 e + 0.00014T 2 e + 2.3T e 0 ≤ T e ≤ 0.85 (19) When i q >= 2.0 A, the relationship between q-axis current and q-axis inductance can be fitting as a curve L q = 0.0232i 2 q − 0.557i q + 13.8 (20) and the value of d-axis inductance equal to 8.80mH. As a result, the relationship between torque and d-q axis current can be obtained as
18T 2 e − 0.12T e + 0.051 i q = 0.00086T 4 e + 0.005T 3 e − 0.0065T 2 e + 2.4T e − 0.02 0.85 < T e ≤ 4 (21) As shown in Fig. 2 , the torque command from the speed loop can be converted to current command by the module of MTPA method based on inductance segmentation according to the rules show in (19) and (21).
IV. SIMULATION VERIFICATION
Simulations have been carried out to demonstrate the validity of the proposed MTPA based on inductance segmentation approach. The parameters of the motor are presented in Table 1 . First, the relationship between d-q axis inductance and electromagnetic torque have been proposed in Section III, and in simulation process, the d-q axis currents is given to control the motor by (19) and (21) . When the control system was simulated: the motor started with torque load of 0N·m and speed raised to 2000r/min. After the speed was stable, the torque load of 3N·m was added to the simulation. Then the simulation of speed raised from 2000r/min to rated speed of 3000r/min at torque load of 3N·m was carried out to test the dynamic response of currents and speed. We also added a comparison based on the traditional look-up table method at the same simulation conditions to verify the correctness of the proposed method.
In Fig. 4 , the responses of d-q axis current show that the i d current amplitude by the MTPA control method based on inductance segmentation is smaller than the traditional method. As can be seen that the value of d-axis current is about -1.4A based on the method proposed in this paper, far less than the traditional MTPA method. Fig. 5 is more clear show that the proposed method in this paper cost less stator current I s than traditional method at the same torque load. Fig. 6 show the simulation results that the proposed method in this paper need about 40ms to reach steady speed, faster than the traditional method.
V. EXPERIMENT
A test bench shown in Fig. 7 was set up to verify the proposed method and the motor parameters are the same as that given VOLUME 6, 2018 in Table 1 . The IPMSM is controlled in speed control mode by a system uses TI company's TMS320F28335 as the main control chip, and the controller's sampling rate is 10kHz.
For testing the motor dynamic response of currents and speed, the experiment of speed raised from 2000r/min to rated speed of 3000r/min at torque load of 3N·m was carried out. Fig.8 shows that the response of motor speed up from 2000r/min to 3000r/min and operated at rated speed of 3000r/min stably while torque load is 3N·m. Fig. 9 shows that the phase current response while the motor operated at rated speed of 3000r/min stably with torque load of 3N·m.
A set of comparative experiments were carried out to validate the excellence of the MTPA control method based on inductance segmentation in this paper compared with the traditional look-up table MTPA control method. Under the same environment, the first set of tests was performed with the torque command varying from 0N·m to 4N·m(maximum torque load of the motor) in a step of 0.5N·m every 2s at the speed of 3000r/min. The relationship between the stator current amplitude I s and torque load T e are given in Fig.10 .
As can be seen in Fig. 10 , the value of the stator current amplitude Is tested by MTPA control method based on inductance segmentation is smaller than the traditional tablelookup MTPA control method. At the specified torque load T e = 3N · m, the value of stator current amplitude Is based on inductance segmentation is about 6.78A, dropping about 2.3% compared with the traditional method.
It can be seen from the analysis of above figures that the MTPA control method based on the inductance segmentation in this paper has characteristics of fast dynamic response, strong performance and high control precision. The experimental results of the paper are consistent with the simulation, which can verify the validity and practicability of the proposed method.
VI. CONCLUSIONS
Aiming at problems of associated with inductance parameter changes on traditional MTPA control method for IPMSM, such as large amount of computation, complicated control system and low control precision etc., this paper proposes a MTPA control method based on inductance segmentation. Newton iteration method is used to solve the optimal d-q axis current component, and curve fitting is performed to achieve MTPA controlling. Compared with the existing MTPA control method, this method has the advantages of fast dynamic response, high control precision and simple implementation.
Simulation and experimental results verify the correctness and reliability of the improved scheme.
